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SECTION 1 
INTRODUCTION 
The objective of the analysis was to determine the capabilities of an RF 
Interferometer (RFI) direction finding (DF) sensor mounted on a mast above the 
blades of a helicopter. Limited experimental tests of selected RFI sensors 
have been conducted against available targets; the results of these tests are 
presented in a MICOM report by Hatcher and Dobbs. These experiments were 
limited due to the unavailability of a dense radar environment and radar 
varieties during the tests. In order to assess the performance of the sensors 
in a realistic battlefield environment, Georgia Tech conducted an analysis to 
extrapolate the test results to include multiple emitters and variation of the 
sensor parameters. 
The general approach was as follows: 
o Collect and analyze contractor system configuration data. 
o Define a generic DF system. 
o Identify primary error sources. 
o Quantify error magnitudes (and decorrelation times). 
o Formulate time-line equations. 
o Quantify processing effects on time lines. 
The analysis was limited in scope due to the lack of data in several 
areas. In particular, there is little available information on the magnitude 
and statistical characteristics of either bistatic multipath or rotor blade 
modulation. 	Both of these error sources can have a pronounced effect on 
system performance. 	In addition, because of the fluid nature of the heli- 
copter attack scenario, the total radiation environment is not well defined in 
terms of the specific number and location of radar emitters. This environment 
should be quantified and a prioritization scheme should be developed so that a 
more detailed analysis can be performed. For future, more sophisticated 
analyses, it would also be advantageous to develop computer models of the 
sensor and environment so that specific sensor configurations could be 
evaluated and compared. The analysis described herein was based on a generic 
RFI system, so the analysis results are not dependent on a specific sensor 
configuration. 
The effects of the scenario on the analysis include the following: 
o High effective radiated power (ERP) in the main beam affects the 
dynamic range requirement. 
o High ERP emitters can produce spurious responses due to generation of 
harmonics. 
o CW emitters can produce spurious responses due to intermodulation with 
pulse signals. 
o High threat density (including high-power, long-range emitters) will 
require prioritization to reduce processing load. 
o Range measurement (via triangulation) requires an accurate DF fix from 
multiple locations. 





The RF interferometer consists of two or more antenna elements spaced 
along a line. The amplitude and phase of the output from these elements is a 
function of the off-boresight angle of signals received from a radiating 
source and the element spacing, D, as shown for the two-element interferometer 
of Figure I. The normalized output of the interferometer is 
E( 0) = 1- e -3 (1) , 	 (1) 
where the phase angle, 4), is a function of the element spacing, D, and the 
plane-wave incidence angle, a, as given by 
2RD 	. 
= 	 sin 6. A (2) 
Figure 1. Two-element interferometer. 
Nulls in the pattern occur when 
or, conversely, when 
2°  sin e = ±N(270 
N e = ± sin - 1 ( -10A7-  ) 
The electrical phase angle and resulting spatial amplitude pattern for such a 
two-element interferometer are shown in Figure 2. The spatial angle, 6, is 
unambiguous over the angular region of width e u , where 
eu = 2 sin
-1 







Figure 2. Interferometer patterns. 
The unambiguous region for typical values of DA is relatively narrow, as 
shown below. 
Dix 	 e u 
	
2 29.0° 
5 	 11.5° 
10 5.7° 
The relationship between electrical phase angle errors in the inter-
ferometer ,A(1), and spatial angle errors at the interferometer output ,A6, may 
be derived by simple differentiation. At boresight, the relationship is 
A6 — 	  
2ii(D/X) • 
(6) 
The spatial error, AO, is plotted in Figure 3 as a function of interferometer 
element spacing for several values of electrical phase error. At X-band, for 
example, for an interferometer element spacing of 12 inches (D/x = 10) and a 
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Figure 3. Interferometer spatial error. 
It can be seen from the foregoing results that (1) the desire for small 
angular errors requires a large element spacing, while (2) the need for a 
large target field of view (FOV) requires a small element spacing. These 
conflicting requirements can be resolved by the use of additional elements at 
different spacings. The difference in phase between the output signals of two 






sin e. 	 (7) 
The unambiguous field-of-view (FOV) is now a function of the phase difference, 
4, and is given by 
FOV = 2 sin -1 [a/(D 1 - D2 )]. 
	 (8) 







c = 400 MHz 
Af = 10 MHz 
SECTION 3 
RECEIVER ASSESSMENT 
The principal factors which determine receiver suitability are (1) dynam-
ic range, and (2) spurious responses due primarily to intermodulation products 
(IMP) and harmonics of the incoming signals. 
Four types of emitters were considered over the frequency band of 5 to 
15 GHz with both pulse modulation and CW. The effective radiated power (ERP) 
in the main lobes is +115 to +120 dBm for pulse emitters and +100 dBm for CW 
emitters. The sidelobe ERP is +67 to +75 dBm for pulse emitters and +53 dBm 
for CW emitters. The spurious responses are due to second order intermodu-
lation products (F 1+ F 2 ); second order harmonics (2F 1 ); third order intermodu-
lation products (2F 1+ F2 ), (F 1+ 2F2 ); and third harmonic generation (3F 1 ). 
Receiver saturation was also evaluated. Intermodulation between pulse signals 
at different frequencies was not considered because of the low probability of 
occurrence. 
The standard four-antenna fine DF (FDF) interferometer used as the basis 
for the analysis is shown in Figure 4. The approximate capabilities utilizing 
such a receiver against five selected emitters are shown in Table 1. The 
spurious responses may be eliminated by several means such as preselection 
filtering and software computations as indicated in Table 2. The receiver 
spurious response characteristics can also be significantly improved by 
providing separate mixers for two frequency bands (diplexing), using high 
level mixers, and increasing local oscillator power. 
Figure 4. Interferometer block diagram. 
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SECTION 4 
FINE DF ERRORS 
The generic RFI DF system shown in Figure 4 was formulated and analyzed 
to determine the processing time line. The salient features of the generic 
system are (1) angle measurement is performed by an RF interferometer, (2) the 
necessary receiver sensitivity is provided by a superheterodyne receiver, 
(3) targets are acquired by performing an initial search over the frequency 
band of interest, (4) selected high-priority targets are then re-examined and 
their directions are determined, and (5) target direction is reported to the 
central processor for further analysis or processing. 
The primary error sources for the generic system are: 
o Thermal noise errors, 
o Analog-to-Digital (A/D) converter quantization errors, 
o Rotor blade modulation errors, and 
o Azimuth multipath errors. 
Complete compensation is assumed to be provided for system errors (phase 
match, stability, etc.). The effects of each of the primary error sources on 
system performance are analyzed below. 
The thermal noise errors can be quantified using Equation (6). For a 
large signal-to-noise (S/N) ratio, the standard deviation of the phase angle 
error, ao is approximately equal to N/S. For an assumed typical value of S/N 
of 14 dB and for D = 10x, the standard deviation of the spatial error is, from 
Equation (6), a e = 0.18°. 
The A/D converter quantization error is reflected into an angle quanti-
zation error. A five-bit quantization will result in an angle error of about 
0.5° for D = 10x. A/D converters having more than five-bit resolution can be 
used to further reduce angle quantization errors. 
The rotor blade modulation error is a periodic error related to the 
passage of the rotor blade through the field of view of the RF interfero-
meter. The very limited sample of available test data indicate that this 




T = 100 nsec 
delay 
Emitter Main lobe 
decorrelation time of 5-20 ms. Sufficient independent samples can be averaged 
over approximately 100 ms to reduce this error to an acceptable level, i.e., 
< 0.5'. 
The largest expected contribution to fine DF errors is azimuth multi-
path. When a leading-edge gate is used, the multipath returns come from 
within an ellipse of constant delay as depicted in Figure 5. Bistatic multi-
path data were not available for an empirical model, but a limited analytical 
formulation was deemed useful for gaining insight into the azimuth multipath 
errors. The analytical formulation was based on the following assumptions: 
o The direct path is a transmitter sidelobe or back lobe. 
o The indirect path is via a bistatic scatterer in the main lobe. 
o The transmitter is scanning the forward sector. 
o The DF system uses leading edge gating. 
Figure 5. Multipath geometry. 
Additional assumptions were: (1) the indirect path power is greater than 
the direct path power so that the system DFs on the bistatic scatterer, rather 
than the threat; (2) there are approximately 20 such bistatic scatterers per 
square kilometer; and (3) the distribution of errors is approximately normal. 
For an interferometer-to-emitter range of 2 kilometers, assumption (1) re-
quires that the bistatic scattering be at a level of about 15 dBsm. 
The probability, P(e), that a multipath reflection will occur at a 
particular angular direction may be computed from 
P(e) = P
e 






where 	Pe = probability of existence = 20/km2 
P. = probability of illumination = 1°/180°. 
The assumption for probability of existence that there are 20 bistatic 
scatterers per square kilometer means that there are 20 natural terrain 
features, vehicles, or other structures that are oriented such that the 
emitter main lobe energy reflected to the RFI is large compared to the energy 
radiated directly to the RFI from the emitter sidelobes. This assumption is 
highly dependent on the scenario and probably should be considered severe. 
The assumption for probability of illumination will be valid when the emitter 
beamwidth is 1° and its main lobe is swept over the ground in a 180° sector 
that contains the RFI. 
For the ellipse of Figure 5, the distance r is a function of the emitter-
to-sensor distance, R, the spatial angle, 0, and the difference between the 
direct and indirect transmission paths, 6. This distance is approximately 
given by 





The total RMS angular error is given by 




all 6 0 
The total error probability, P t(e), in equation (11) may be considered to 
consist of two components: one due to multipath errors and one due to all 
other (noise) errors. Equation (11) may be rewritten to show these components 
explicitly, i.e., 
eRMS = [(1 - Pm ) f P n (e)e
2 
de + f P(e)e
2 
de]
1/2 	 (12) 
where 	Pn (e) 	= error function without multipath (noise only) 
(1 - Pm ) = probability that there is no multipath. 
The probability that multipath does occur is given by 
P
m 
= I P(e) de. 	 (13) 
1 0 
By combining Equations (9) and (10), we obtain 
P(e) = (P eP i )(1/2)[ 	
1 	1 2 
	
1/R + e2/26 
(14) 
By integrating Equation (14) over the 180° forward sector via Equation (13), 








1/2 . 	 (15) 
As stated above, the error function without multipath is assumed to be 
normally distributed so that 
P n
(e) = e-a " . 
,2 	
(16) 
The second part of Equation (12) is very difficult to integrate using the 
explicit expansion for P(e) given in Equation (14). However, if the distri-
bution of error due to multipath is also normal, a rough approximation to 





)(2e -4062 ). 	 (17) 
For this case, with the noise-only RMS error equal to 0.5 ° , the total error 
with multipath included is e Rms = 1.6°. For R = 4 km and 6 = 30 m, the 










 = 1.2° with multipath included. 
These predicted azimuth errors are large compared to a desired overall 
error of 0.5°. Therefore, multipath elimination algorithm processing must be 
employed. Potential multipath processing includes (1) rejecting 5% of the 
strongest and 5% of the weakest signals, (2) rejecting 5% of the most 




The analysis of the time required to perform fine DF on multiple emitters 
is based on the following assumed sequence: 
o Perform an initial frequency search 
o Prioritize targets 
o Examine selected targets 
Case 1: Sequential examination 
Case 2  
Dwell to reduce rotor blade modulation 
Examine selected targets 
Revisit until azimuth multipath is acceptable 
Report target locations 
o Repeat frequency search. 








Where 	T1 = dwell time at single frequency, 
A = RF bandwidth to be searched, and 
B = IF bandwidth. 
For Case 1 (sequential examination), the fine DF (FDF) time can be computed by 
a'6  = a0/(N i ) 1/2 = a cii/(tf/Td ) 
t
f 








where 	Cre = smoothed RMS multipath error, 
a 0 = RMS multipath error, 
N i = number of independent samples, 
tf = time for fine DF, and 
Td = decorrelation time for azimuth multipath. 
For Case 2 (dwell to reduce rotor blade modulation then revisit to reduce 
multipath), the result is slightly different and depends on the decorrelation 
times for the various errors. The dwell time is given by 
2 	_, Dwell time = Tb (abiab
2 
 ) (22) 
where 	T
b 
= blade modulation decorrelation time, 
ab = standard deviation of blade modulation errors, and 
a' = desired integrated error. 
The time to investigate n targets is just n times the dwell time given in 
2 	 2 , Equation (22), i.e., nT b ab/ab
2  . For the case of ntb ab/ab2  < T d (Case 2A), the 
fine DF time is 
tf  = Td 8 (a
2
8 /a'
2  ) (independent of n). 
For the converse (Case 2B), where nT b 4/cre > T
d












The total time line is then the sum of the frequency search time and the 
fine DF (smoothing) time: 
Case 1: 	t = ti a(2B)+ nTd (u2e/ae) 	 (25) 
Case 2A: t = ti a(2B)+ Td (4/e(32 ) 	 (26) 
Case 2B: t = to/(2B) + nTb (4/ae)(43/e82 ) 	 (27) 
The processing time required to locate multiple emitters to a given accuracy 
is a strong function of the bistatic multipath decorrelation time T d as shown 
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Figure 6. RF Interferometer time-line. 
TABLE 3. SYSTEM PARAMETERS FOR THE TIME-LINE ANALYSIS 
t1 = 10 ms (10 pulses) 
A = 3.5 GHz 
B = 10 MHz 
b 
= 10 ms 
b 
= 1 ° 
8 
= 1.6 ° 
a' = a'b  = 0.5 ° 
The time-line curves of Figure 6 are based on averaging algorithms 
only. Other potential multipath processing includes: (1) rejecting some 
percentages of the strongest and weakest signals and the largest deviation 
angles, (2) pulse repetition processing and angle gates, (3) phase stability 
across the pulse, and possibly others. The use of these algorithms prior to 
averaging may significantly affect the time required to achieve the desired DF 
accuracy on large numbers of targets. Most or all of these approaches can be 
14 
implemented by digital software and/or algorithms in the computer. This may 
then become a trade-off of computer capacity and complexity against fine DF 
time. The derivation of the time lines was based upon assumptions relating to 
the probability of multipath occurrence and the probability of illumination of 
large bistatic scatterers. These assumptions are strongly sensitive to the 




The capabilities of an RFI sensor mounted above the blades of a heli-
copter were analyzed to determine the expected performance of such a sensor in 
a multiple emitter environment. Several different developmental configura-
tions of RFI sensors are available; therefore, a generic sensor configuration 
was formulated and analyzed. The analysis showed that accurate DF (less than 
0.5° RMS spatial error) can be obtained using an RFI sensor. The DF time for 
a single emitter is quite short and is on the order of 3 to 10 seconds, 
depending on the assumed value of multipath decorrelation time. 
In the case of multiple emitters, preselection filtering may be necessary 
to reduce spurious responses, and target prioritization will be required to 
prevent overload of the data processing computer. Multipath and rotor blade 
modulation elimination algorithms will be necessary to reduce the total DF 
error to an acceptable level (less than 0.5° RMS). The total time line is a 
strong function of the multipath decorrelation time, a parameter for which 
there are little definitive experimental data available. In addition, the 
derivation of the time-line equations was based on certain assumptions 
relating to the probability of multipath occurrence and the probability of 
illumination of large bistatic scatterers. These assumptions are strongly 
sensitive to the specific scenario and will therefore be highly variable. 
Additional experimental data are needed to validate or refute these assump-
tions. 
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